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Abstract
To address the role of mixed anxiety/mood disorder on appetitive associative learning, we verify whether
previous chronic light deprivation changes ethanol-induced conditioned place preference and its respective
expression of c-Fos and pCREB, markers of neuronal activity and plasticity. The experimental group was main-
tained in light deprivation for 24 h for a period of 4wk. Subsequently, it was adapted to a standard light–dark
cycle for 1wk. As a control, some mice were maintained in standard cycle for a period of 4wk (Naïve group).
Then, all animals were submitted to behavioral tests to assess emotionality: elevated plus maze; open ﬁeld; and
forced swim. After that, they were submitted to ethanol-induced conditioned place preference. Ninety minutes
after the place preference test, they were perfused, and their brains processed for c-Fos and pCREB immunohis-
tochemistry. Light deprivation induced anxiety-like trait (elevated plus maze), despair (forced swim), and hyper-
locomotion (open ﬁeld), common features seen in other animal models of depression. Ethanol-induced
conditioned place preference was accompanied by increases on c-Fos and pCREB in the hippocampus, prefrontal
cortex and striatum. Interestingly, mice previously submitted to light deprivation did not develop either acqui-
sition and/or expression of ethanol-induced conditioned place preference or increases in c-Fos and pCREB.
Therefore, chronic light deprivation mimics several behavioral aspects of other animal models of depression.
Furthermore, it could be useful to study the neurochemical mechanisms involved in the dual diagnosis.
However, given its likely deleterious effects on appetitive associative memory, it should be used with caution
to investigate the cognitive aspects related to the dual diagnosis.
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Introduction
Dual diagnosis has been described as the coexistence
of a severe mental health condition and a drug abuse
and/or dependence disorder (Schuckit, 2006; Torrens
et al., 2012). For example, mood disorders, including de-
pression, are the most common psychiatric comorbidities
among patients with substance use disorders (Nunes and
Rounsaville, 2006; Boden and Fergusson, 2011; Pettinati
et al., 2013). Although the mechanisms related to each dis-
ease have been extensively studied, the neurobiological
aspects of the dual pathology remain to be investigated
in more detail. Moreover, it has been argued that
dual-diagnosis patients show more clinical treatment
difﬁculties and higher morbidity.
There is evidence showing that the integration of
reward and cognitive aspects is impaired in both de-
pression (Roiser and Sahakian, 2013) and drug addiction
(Koob, 2009). In rodents, unpredictable chronic mild
stress (a validated animal model of depression) attenuates
sucrose consumption (Papp et al., 1991) and conditioned
place preference induced by food pellets (Papp et al.,
1991), amphetamine (Papp et al., 1991, 1993), morphine
(Papp et al., 1992; Valverde et al., 1997) and quinpirole –
a D2 agonist drug (Papp et al., 1993). In contrast, unpre-
dictable chronic mild stress also decreases the thresholds
for lateral hypothalamic self-stimulation. Furthermore,
acute administration of amphetamine produces a greater
enhancement of lateral hypothalamic self-stimulation re-
ward in previous stressed rats, as compared to its respect-
ive Naïve group (Lin et al., 2002). Therefore, regardless of
these divergences, it is clear that chronic mild stress
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changes reward-related behaviors. Regarding cognition,
the effects of chronic stress exposure depend upon several
factors, including: the type of task; the dependent vari-
able measured and how the task was implemented; the
type and duration of the stressors; housing conditions;
and duration between the end of the stress and the start
of behavioral assessment (for review see Conrad, 2010).
There are several reports showing that mood disorders
and drug addiction share similar neurochemical features.
For example, the important role of the c-Fos and the cAMP
response element binding protein (CREB) is well estab-
lished in both depression (Post, 1992; Chao and Nestler,
2004; Blendy, 2006) and drug addiction (Carlezon Jr
et al., 2005; Hu et al., 2008; Xu, 2008; Moonat et al.,
2010). Furthermore, c-Fos and CREB are equally relevant
for learning and memory (Tischmeyer and Grimm, 1999;
Carlezon Jr et al., 2005; Benito and Barco, 2010; Katche
et al., 2010). The c-Fos is activated by several stimuli
able to induce neuronal depolarization (Morgan and
Curran, 1986). Thus, the expression of c-Fos has been us-
ually used as a marker of cellular activation (Chaudhuri,
1997; Kovács, 2008). In turn, CREB is a transcriptional fac-
tor that plays a pivotal role in neuronal plasticity, because
it is a convergent target of several cell signaling pathways
(Carlezon Jr et al., 2005).
Three independent studies showed that chronic light
deprivation produces a depressive behavioral phenotype
in rodents (Gonzalez and Aston-Jones, 2008; Lau et al.,
2011; Monje et al., 2011), which was accompanied by
neural damage in monoamine brain systems (Gonzalez
and Aston-Jones, 2008; Lau et al., 2011; Monje et al.,
2011) and impairment on adult neurogenesis (Lau et al.,
2011; Monje et al., 2011). Considering these consistent evi-
dences of the validity of chronic light deprivation as an
animal model of mood disorder, the present study has
two main objectives: (1) to investigate possible changes
in neurochemical outcomes (c-Fos and pCREB) resulting
from the interaction between mood disorders and drug
exposure (ethanol); and (2) to provide additional infor-
mation concerning this animal model of depression, as
well as to address the inﬂuences of this model on the ap-
petitive associative learning induced by drugs of abuse.
Given that dual-diagnosis patients show more clinical
treatment difﬁculties and higher morbidity, our exper-
imental hypothesis is that light deprivation and ethanol
exposure will promote distinct patterns of c-Fos and
pCREB expression, when compared to their presentation
alone. Furthermore, we expect that light deprivation
will be able to increase the ethanol-induced conditioned
place preference.
Materials and methods
Animals
Male Swiss mice (EPM-1 Colony, Brazil; n=42) originally
derived from the Albino Swiss Webster line from the
Center for the Development of Animal Models in
Biology and Medicine at Universidade Federal de
São Paulo were used. Mice were 12wk of age (30–40 g)
at the beginning of experiment. Groups at a maximum
of 10 mice and a minimum of 6 mice were housed in
cages (40×34×17 cm) with woodchip bedding in a room
with controlled temperature (20–22 °C) and humidity
(50%) conditions, with free access to mice chow pellets
and tap water. The light-deprived group (N=24) was
kept 24 h per day in a dark room for 4 wk. The boxes
were cleaned twice a week in low red light. The Naïve
group (N=18) was kept in a 12-h light/dark cycle (lights
on at 07:00 hours). Animal care and all experiments
were conducted under protocols approved by the Animal
Care and Use Ethics Committee of the University and
was carried out in strict accordance with the recom-
mendations established by the Guiding principles in
the care and use of animals (DHEW Publications, NIH,
80–23).
Experimental protocol
After 4 wk, the animals in the light-deprived group were
readjusted to normal light/dark cycle for 7 d. After this
period of rehabilitation, behavioral tests were performed
on the 8th day after cycle readjustment, between 10:00
and 15:00 hours, in the following order: open ﬁeld; elev-
ated plus maze; and forced swimming tests. One day
afterwards (the 9th day following cycle readjustment),
the animals were submitted to the ethanol-induced con-
ditioned place preference (CPP) paradigm, as described
in section 2.3.4. 90min into the CPP test, mice were
deeply anesthetized with ketamine (75mg/kg, i.p.) and
xylazine (10mg/kg, i.p.); and perfused transcardially
with 100ml of phosphate buffer solution 0.1 M (PBS) fol-
lowed by 100ml of 4% paraformaldehyde (PFA). The
brains were removed immediately after perfusion, stored
in PFA for 24 h, and then kept in a 30% sucrose/PBS sol-
ution for 48 h. Serial coronal sections (30 μm) were cut
using a freezing microtome, and kept inside an anti-
freezing solution to be used in the immunohistochemistry
procedures by free-ﬂoating staining.
Behavioral procedures
Each one of the open ﬁeld, elevated plus maze, and forced
swim tests was conducted in a different sound- and
light-attenuated testing room by three independent ex-
perimenters (one experimenter for each test). The
animals’ performance in the open ﬁeld, elevated plus
maze and conditioned place preference tests were video-
taped and then analyzed by an automated system
(Ethovision®, Amsterdam). The forced swim test was
videotaped for posterior manual accurate analysis. An ex-
perimenter blind to the animal experimental group con-
ditions performed all behavioral analyses. Finally, the
apparatus were cleaned and deodorized with 15%
EtOH solution after each test.
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Open ﬁeld
The test was performed according to Archer (1973). Each
animal was placed in the center of a circular arena, 50 cm
diameter×50 cm high, and for a period of 5min the fol-
lowing measurements were recorded: permanence time;
total number of entries; latency to the ﬁrst entry in the
central arena (internal 25 cm diameter); as well as average
speed; total distance moved; time spent in locomotion;
and time spent in immobility.
Elevated plus maze
The elevated plus maze was used to evaluate anxiety-like
state. The apparatus was made of wood and consisted of
two opposite open arms, 28.5×7 cm (surrounded by 1 cm
high Plexiglas) and two enclosed arms, 28.5×7×14 cm, el-
evated to a height of 50 cm above the ﬂoor. The junction
area of the four arms (central platform) measured 7×7 cm.
Each animal was placed on the central platform of the
maze facing the enclosed arm, and then the number of
entries and the time spent in open and enclosed arms
were determined for a period of 5min. With these para-
meters, it was possible to calculate the percentage of en-
tries in the open arms [(entries in the open arms/entries
in both open and enclosed arms)*100], and the percentage
of time spent in the open arms [(time spent in the open
arms/time spent in both open and enclosed arms)*100]
(Lister, 1987). Several studies suggest that more detailed
behavioral analyses improve the validity of the EPM
(Rodgers and Cole, 1994; Weiss et al., 1998; Carobrez
and Bertoglio, 2005). Therefore, we incorporate a beha-
vioral analysis comprising two elements: (i) stretched–
attend posture directed to both open and enclosed
arms, in which the animal demonstrates forward elonga-
tion of head and shoulders followed by retraction to the
original position; (ii) head dipping in the open arms; in
which the animal demonstrates forward elongation of
head, directed to the ﬂoor, and shoulders followed by re-
traction to original the position (Blanchard et al., 2001).
Forced swim
The test was adapted from Porsolt et al. (1977). Each
animal was kept for 6min in a 2 l glass beaker, containing
10 cm of water at 22 °C. During the last 4 min of testing,
the time spent in immobility was evaluated, as well as
the latency to the ﬁrst immobility. Furthermore, a score
analysis (Lucki, 1997) was performed, in which immo-
bility, climbing and swimming scores were recorded
every 5 s. Immobility was considered when the animal
remained immobile in the beaker, making only small
movements to keep its head above water. Climbing beha-
vior was deﬁned as upward-directed movements of the
forepaws along the side of the beaker. Finally, swimming
behavior was considered as the movement (usually hori-
zontal) throughout the Becker that also includes crossing
into another quadrant.
Ethanol-induced conditioned place preference
The procedure was performed in a three-chambered
CPP apparatus (adapted from McGeehan and Olive,
2003): two larger compartments (37×15×30 cm) with dis-
tinct visual and tactile cues (one had black walls and
a smooth ﬂoor, and the other had white walls and a
ﬂoor with a series of 1-mm-caliber bronze bars spaced
1 cm apart) were connected by a central compartment
(7×15×30 cm). The central compartment was equipped
with two guillotine doors that provided access to the
conditioning compartments. The experimental protocol
consisted of preconditioning, conditioning, and post-
conditioning phases.
In the preconditioning phase, mice were placed in the
central compartment with free access to both peripheral
compartments for a 15min period. Time spent in each
compartment was measured. According to Kuzmin
et al. (2003), we excluded from the experiments mice
with a tendency to unbalanced conditioned preference
(more than 60% of time in one of the peripheral compart-
ments). More speciﬁcally, 4 (out of 42 animals) were
excluded: 2 naïve and 2 light-deprived mice.
The conditioning phase was conducted for a period of
5 consecutive days, 48 h after pre-conditioning, and con-
sisted of 2 daily sessions. On each day, mice received a
saline injection (1.0 ml/kg, i.p.) and were immediately
conﬁned to one of the peripheral compartments for 5min.
Four hours later, they received an injection of ethanol
(2.0 g/kg, i.p., 15%) immediately prior to being conﬁned
to the other peripheral compartment for 5min. The dose
and concentration of ethanol solution were based on
previous studies (Kuzmin et al., 2003; Groblewski et al.,
2012). Another group of mice (n=18) was daily injected
with saline (i.p.) prior to both sessions. The conditioned
compartments were randomized and counterbalanced
across saline and ethanol groups, and after each 5-min
session, mice were returned to their home cages.
The post-conditioning phase was conducted 48 h after
the last conditioning session. Mice were placed in the cen-
tral compartment with guillotine doors removed so as to
allow them free access to both peripheral compartments
during the 15-min test. The amount of time spent in
each of the peripheral compartments was measured,
and the difference between the time spent in the drug-
paired compartment prior to and after conditioning was
considered as the CPP score. Furthermore, we also evalu-
ated the distance moved in the apparatus during the
pre-test (before the conditioning phase) and test (after
the conditioning phase) sessions, as well as the number
of crossings between the central and drug-paired com-
partments during these sessions.
Immunohistochemistry
A conventional technique of avidin–biotin-immuno-
peroxidase was performed on six animals per group
in order to provide a similar N across the groups.
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Such N value is considered sufﬁcient for immuno-
histochemistry studies. The subjects whose brains were
used in the histological study were randomly chosen.
Free ﬂoating sections were pre-treated with hydrogen
peroxidase for 10min followed by PBS for 30min.
Thereafter, sections were incubated overnight with a pri-
mary antibody (rabbit anti-c-Fos 1:500, USA; and rabbit
anti-pCreb 1:400, Cell Signaling, USA) in PBS-T solution
(30ml PBS, 30 μl Triton X-100). Subsequently, sections
were incubated for 2 h with a secondary antibody (goat
anti-rabbit IgG, 1:600, Vector, USA) at room temperature.
The sections were then treated with avidin–biotin com-
plex for 2 h and submitted to nickel-intensiﬁed DAB reac-
tion. Between those steps, the sections were rinsed in PBS
(pH 7.4). The tissues were agitated on a rotator between
each incubation and rinse step. Sections were mounted
on gelatin-coated slides, dried, dehydrated, and cover
slipped.
The stereotaxic mouse brain atlas (Franklin and
Paxinos, 1997) was used to deﬁne the nomenclature and
nuclear boundaries. The encephalic regions considered
in the present study were: prefrontal cortex [infralimbic
(IL), prelimbic (PrL) and cingulated anterior (CG1)];
motor cortex (M1 and M2); nucleus accumbens [core
(Acbco) and shell (Acbsh)]; dorsal striatum [dorsomedial
(DmS) and dorsolateral (DlS) portion]; hippocampus
[Cornus Ammonis 1 (CA1), Cornus Ammonis 3 (CA3),
dentate gyrus (DG)]; amygdala [basolateral (BlA) and
central (CeA) nucleus]; ventromedial hypothalamic
nucleus (VmH); periaqueductal gray (PAG); and ventral
tegmental area (VTA) (See Fig. 1). A Nikon microscope
connected to a computer was used to capture images
from each section. The images were saved as .tif archive
for posterior analysis of c-Fos and p-Creb immunoreactiv-
ity. The immunoreactive cells were counted using a soft-
ware package (ImageJ, NIH Image, USA). These cells
were counted bilaterally in four consecutive sections,
and then the average of these measures was expressed
as number of labeled cells per 2.5×103 μm2 for each
nucleus.
Statistical analysis
The data obtained in the open ﬁeld test, elevated plus
maze and forced swim test were analyzed using
the Student’s t test. The scores for conditioned place pre-
ference and all variables obtained in the histological
studies were analyzed by a two-way analysis of variance
(ANOVA) considering the following factors: light de-
privation (Naïve×Private); and pairing protocol used
in the conditioned place preference (EtOH X Sal).
Bregma 1.70 mm
Bregma 0.86 mm
Bregma –1.82 mm
Bregma –3.52 mm
Fig. 1. Schematic representation of the brain regions sampled.
Schematic drawing of mouse brain coronal sections indicating
areas sampled (adapted from Franklin and Paxinos, 1997). M1
and M2, motor cortex; CG1, anterior cingulate cortex; PrL,
prelimbic cortex; IL, infralimbic cortex; Acbco, nucleus
accumbens core; Acbsh, nucleus accumbens shell; DmS,
dorsomedial striatum; DlS, dorsolateral striatum; CA1, Cornus
Ammonis 1; CA3, Cornus Ammonis 3; DG, granular layer of
dentate gyrus; BlA, basolateral nucleus of amygdala; CeA,
central nucleus of amygdala; VmH, ventromedial hypothalamic
nucleus; PAG, periaqueductal gray; VTA, ventral tegmental
area.
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Newman–Keuls post-hoc was used when necessary. The
level of signiﬁcance was set at p<0.05.
Results
Chronic light deprivation changes behavioral perform-
ance in open ﬁeld, elevated plus maze and forced swim
tests.
Light deprivation induced hyperactive behavior in
open ﬁeld test. There were signiﬁcant increases in the
distance moved (T=2.76, p<0.01) (Fig. 2f ); time spent on
locomotion (T=2.29, p<0.05) (Fig. 2e); and mean velocity
(T=2.28, p<0.05) (Fig. 2g); as well as decreases in the time
spent standing (T=2.29, p<0.05) (Fig. 2d). No differences
were seen in the behavioral analysis regarding the central
zone area: time spent (T=1.02, p=0.31) (Fig. 2a); latency
to leave (T=1.16, p=0.25) (Fig. 2b); and number of entries
(T=1.66, p=0.11) (Fig. 2c).
Regarding the elevated plus maze test, there were
no changes in the open arms exploration parameters:
percentage of entries (T=1.43, p=0.45) (Fig. 3a) and per-
manence (T=0.41, p=0.17) (Fig. 3b); as well as in the
number of entries in both open and enclosed arms
(T=1.62, p=0.31) (Fig. 3c). However, light deprivation
increased risk assessment behavior toward both open
and enclosed arms (T=8.48, p<0.001; T=5.99, p<0.001)
(Fig. 3e and d, respectively). Furthermore, there was a
signiﬁcant decrease in head dipping directed towards
the ground in the open arms (T=2.53, p<0.05) (Fig. 3f ).
Therefore, light deprivation induced an anxiety-like
state in the elevated plus maze.
Finally, considering the forced swim test results,
there was no difference in the climbing score (T=1.84,
p=0.07) (Fig. 4e). However, light deprivation increased
both the time spent and immobility score (T=4.01,
p<0.001; T=3.79, p<0.001) (Fig. 4b and c, respectively);
as well as decreased latency to the ﬁrst immobility
(T=3.47, p<0.001) (Fig. 4a) and swim score (T=2.77,
p<0.05) (Fig. 4d ). Therefore, light deprivation promoted
despair behavior in the forced swim test.
Chronic light deprivation impairs ethanol-induced
conditioned place preference (CPP)
The results obtained in the place preference test are de-
picted in Fig. 5. In relation to the time spent in the drug
paired compartment during pre-test (Fig. 5a), ANOVA
did not detect signiﬁcant differences in the light de-
privation [F(1,34) =1.44, p=0.34] and pairing [F(1,34) =2.21,
p=0.26] factors, or in the interaction between them
[F(1,34) =0.88, p=0.41]. Regarding CPP scores (Fig. 5b),
there was difference in the light deprivation factor
[F(1,34) =2.98, p<0.05], but not in the pairing protocol fac-
tor [F(1,34) =1.96, p=0.23]. Moreover, there is a signiﬁcant
interaction between these factors [F(1,34) =4.23, p<0.05].
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As expected, ethanol was able to induce conditioned
place preference in naïve mice. Interestingly, in mice sub-
mitted to chronic light deprivation there was no ethanol-
induced conditioned place preference. Nonetheless, the
experimental groups presented similar locomotion
(Fig. 5c), during both pre-test [F(1,34) =2.22, p=0.12;
F(1,34) =1.94, p=0.23; F(1,34) =1.06, p=0.38, for light de-
privation and pairing factors, and their interaction,
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respectively] and test [F(1,34) =1.44, p=0.25; F(1,34) =1.96,
p=0.23; F(1,34) =0.99, p=0.36, for light deprivation and
pairing factors, and their interaction, respectively].
Finally, regarding the number of crossings between per-
ipheral and central compartments (Fig. 5d) during the
pre-test, there were no differences in the light deprivation
[F(1,34) =0.84, p=0.46] and pairing [F(1,34) =0.91, p=0.38]
factors, and no interaction among them [F(1,34) =0.33,
p=0.68] could be observed. On the other hand, although
there were no differences in the light deprivation
[F(1,34) =2.22, p=0.15] and pairing [F(1,34) =2.84, p=0.09]
factors in the test, a signiﬁcant interaction was detected
[F(1,34) =3.55, p<0.05]. Naïve (but not light-deprived)
mice that were paired with ethanol presented a decrease
in the number of crossings (p<0.05) when compared to
their respective control paired with saline.
Chronic light deprivation modiﬁes c-Fos
immunoreactivity that results from the expression
of ethanol-induced conditioned place preference
Here we describe only the most relevant data. Detailed
information for each nucleus and statistical parameters
are presented in Table 1. An illustrative photomicrograph
of c-Fos immunoreactivity is shown in Fig. 6. Considering
the c-Fos expression pattern in the experimental groups,
three different types were observed, as depicted in
Fig. 7a. In the ﬁrst condition, considering only mice
previously maintained in standard light–dark cycles,
ethanol-conditioned place preference increased c-Fos
expression in the PrL, CG1, CA3, and PAG (effect of
ethanol). Under another condition, considering only
ethanol-treated mice, the group maintained in standard
light–dark cycles had higher c-Fos expression than the
group submitted to light deprivation in the PrL, CG1,
CA3, PAG, M12, DlS, and DmS (effect of light depri-
vation). Under the last condition, ethanol-paired mice
previously deprived of light showed decreases in c-Fos
in the Acbco and VTA, as compared both to ethanol-
paired mice maintained in a standard light–dark cycle,
and saline paired mice previously deprived of light
(effects of light deprivation and ethanol). Therefore, the
data suggest that the expression of the conditioned
place preference involves the activation of the medial pre-
frontal cortex, hippocampus, and PAG. Furthermore,
these effects were not seen in mice previously submitted
to a light deprivation procedure. Interestingly, the
group of mice submitted both to the ethanol treatment
and light deprivation procedure showed a signiﬁcant de-
crease in the phasic activation of the mesolimbic dopami-
nergic pathway.
Chronic light deprivation changes pCREB
immunoreactivity that results from the expression
of ethanol-induced conditioned place preference
Similarly to c-Fos, we describe only the most relevant
data. Detailed information for each nucleus and statistical
parameters were included in Table 2. An illustrative
photomicrograph of pCREB immunoreactivity is shown
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Fig. 5. Behavioral analysis in the conditioned place preference paradigm: (a) time spent in drug-paired compartment during
pre-test, (b) ethanol-induced conditioned place preference score, (c) distance moved in the apparatus during test, (d ) number of
crossings between drug-paired and non-paired compartments during test. The data are expressed as mean±S.E.M. N=8 for
Naïve-Saline and Naïve-EtOH groups; N=11 for Saline-deprived and EtOH-deprived groups. *p<0.05 in relation to the Naïve-Saline
group. ##p<0.01 in relation to the Naïve-EtOH group. CPP, conditioned place preference.
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in Fig. 8. Considering the pCREB expression pattern
in the experimental groups, we observed ﬁve different
conditions, as depicted in Fig. 7b. Under the ﬁrst con-
dition, considering only mice maintained in standard
light–dark cycle, ethanol-paired mice had a higher
pCREB expression in the DmS than those that received
saline (effect of ethanol). Under the second condition,
considering only mice paired with ethanol, previous
light deprivation was able to decrease pCREB expression
in the VTA (effect of light deprivation). Under the third
condition, ethanol-paired mice previously maintained in
standard light–dark cycle had higher pCREB expression
in the M12, Acbco, CA1 e DG, as compared to ethanol-
paired mice previously submitted to light deprivation
and to saline-paired mice previously maintained in a
standard light–dark cycle (effects of both ethanol and
light deprivation). Under the fourth condition, both the
isolated light deprivation procedure and treatment with
ethanol were able to increase pCREB expression com-
pared to the values seen in saline-paired mice submitted
to standard light–dark procedure (effects of ethanol
or light deprivation). Finally, under the ﬁfth condition,
there was observed a complex interaction between etha-
nol and light deprivation procedure in the expression
of pCREB in the prefrontal cortex (IL, PrL, CG1).
Ethanol-paired mice maintained in standard light–dark
procedure had a higher pCREB expression than those
paired with saline (effect of ethanol) or those submitted
PrL
CG1
Acbco
DIS
CA3
PAG
VTA
Naïve Light-deprived
Saline EtOH Saline EtOH
Fig. 6. Photomicrograph of c-Fos immunoreactivity in the experimental groups in selected encephalic nuclei. PrL, prelimbic cortex;
CG1, anterior cingulate cortex; Acbco, nucleus accumbens core; DlS, dorsolateral striatum; CA3, pyramidal layer of Cornus
Ammonis 3; PAG, periaquedutal gray; VTA, ventral tegmental area. Scale bar=125 μm.
1822 P. Varela et al.
 by guest on June 3, 2016
http://ijnp.oxfordjournals.org/
D
ow
nloaded from
 
Table 1. c-Fos immunoreactivity in the experimental groups and statistical parameters for each nucleus
Nucleus Light-Saline Light-EtOH Deprivation-Saline Deprivation-EtOH Light factor Conditioning factor Interaction
IL 105.16±25.32 115.16±12.40 85.01±12.07 74.83±7.95 F(1,20) =3.64, p=0.07 F(1,20) =0.01, p=0.99 F(1,20) =0.41, p=0.53
PrL 105.41±17.16 153.75±6.87* 110.58±18.18 75.33±7.55## F(1,20) =7.35, p<0.05 F(1,20) =0.23, p=0.63 F(1,20) =9.57, p<0.01
Cg1 88.83±13.63 144.75±9.36* 107.91±16.93 87.58±9.35# F(1,20) =2.24, p=0.15 F(1,20) =1.96, p=0.18 F(1,20) =8.87, p<0.01
M12 99.58±7.79 115.33±21.15 66.16±13.95 51.51±5.39# F(1,20) =12.92, p<0.01 F(1,20) =0.01, p=0.97 F(1,20) =1.26, p=0.27
Acbco 109.66±12.52 121.66±4.52 95.83±9.17 57.83±4.22**## F(1,20) =21.59, p<0.01 F(1,20) =2.42, p=0.14 F(1,20) =8.95, p<0.01
Acbsh 100.87±11.11 73.16±8.38 83.91±14.64 90.25±11.62 F(1,20) =0.01, p=0.99 F(1,20) =0.84, p=0.37 F(1,20) =2.13, p=0.16
DmS 118.33±19.11 136.08±9.32 99.01±16.95 61.83±4.37## F(1,20) =11.54, p<0.01 F(1,20) =0.51, p=0.49 F(1,20) =3.98, p=0.06
DlS 117.91±9.60 152.08±10.11 90.25±10.70 73.58±15.70## F(1,20) =20.29, p<0.01 F(1,20) =0.55, p=0.47 F(1,20) =4.65, p=0.04
CA1 51.91±5.30 65.01±4.63 48.83±5.03 58.25±4.22 F(1,20) =1.04, p=0.32 F(1,20) =5.46, p=0.03 F(1,20) =0.14, p=0.71
CA3 43.33±7.11 62.66±3.61* 45.91±3.89 47.83±0.73# F(1,20) =1.89, p=0.18 F(1,20) =5.69, p=0.03 F(1,20) =3.82, p=0.06
DG 29.66±3.16 45.45±10.77 38.84±5.10 23.41±2.01 F(1,20) =1.06, p=0.32 F(1,20) =0.01, p=0.98 F(1,20) =6.24, p<0.05
BlA 49.08±7.95 62.25±4.61 60.91±10.48 59.01±0.61 F(1,20) =0.38, p=0.55 F(1,20) =0.65, p=0.43 F(1,20) =1.17, p=0.29
CeA 70.41±6.77 64.08±10.03 79.66±8.62 79.25±6.25 F(1,20) =2.29, p=0.15 F(1,20) =0.18, p=0.68 F(1,20) =0.14, p=0.72
VmH 95.16±9.52 67.16±7.82 78.83±13.59 94.83±6.41 F(1,20) =0.34, p=0.57 F(1,20) =0.38, p=0.54 F(1,20) =5.12, p<0.05
PAG 63.16±4.03 162.16±10.16** 54.51±4.55 48.33±6.72# F(1,20) =80.85, p<0.01 F(1,20) =46.43, p<0.01 F(1,20) =59.59, p<0.01
VTA 36.83±2.57 39.51±6.76 40.51± 2.99 19.66±3.56**## F(1,20) =3.56, p=0.08 F(1,20) =4.45, p=0.06 F(1,20) =7.45, p<0.05
The data are expressed as mean±S.E.M. and represent the number of c-Fos positive cells in 2.5×103 μm2. *p<0.05, **p<0.01, in relation to the respective Saline group. #p<0.05, ##p<0.01, in relation to
the respective Light group. N=6 per group.
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Table 2. pCREB immunoreactivity in the experimental groups, and statistical parameters for each nucleus
Nucleus Light-Saline Light-EtOH Deprivation-Saline Deprivation-EtOH Light factor Conditioning factor Interaction
IL 88.08±4.68 223.66±14.11** 143.51±12.31## 129.91±8.38## F(1,20) =3.32, p=0.08 F(1,20) =33.58, p<0.01 F(1,20) =50.21, p<0.01
PrL 92.25±10.55 232.51±14.54** 150.33±5.48## 140.91±15.74## F(1,20) =1.87, p=0.19 F(1,20) =28.41, p<0.01 F(1,20) =37.26, p<0.01
Cg1 83.16±3.92 180.91±9.39** 132.83±16.41 118.16±21.38## F(1,20) =0.21, p=0.66 F(1,20) =8.31, p<0.01 F(1,20) =15.22, p<0.01
M12 80.25±9.41 190.33±15.67** 114.83±17.78 91.33±16.23## F(1,20) =4.54, p=0.05 F(1,20) =8.21, p<0.01 F(1,20) =19.53, p<0.01
Acbco 97.91±9.56 162.58±12.32** 127.16±16.16 103.01±13.03## F(1,20) =1.36, p=0.26 F(1,20) =2.43, p=0.14 F(1,20) =11.71, p<0.01
Acbsh 84.41±10.96 124.66±10.21 124.51±13.82 116.66±18.59 F(1,20) =1.36, p=0.26 F(1,20) =1.38, p=0.25 F(1,20) =3.04, p=0.09
DmS 97.75±3.43 180.08±26.12** 147.33±19.24 143.58±10.74 F(1,20) =0.14, p=0.71 F(1,20) =5.23, p<0.05 F(1,20) =6.28, p<0.05
DlS 93.41±3.31 155.41±33.77 139.16±14.74 126.01±13.71 F(1,20) =0.17, p=0.68 F(1,20) =1.53, p=0.23 F(1,20) =3.63, p=0.07
CA1 83.51±4.97 97.25±6.69* 70.51±3.99 62.75±2.97## F(1,20) =23.88, p<0.01 F(1,20) =0.38, p=0.54 F(1,20) =4.89, p<0.05
CA3 83.66±6.70 94.16±11.09 75.66±9.93 66.75±6.71 F(1,20) =4.02, p=0.06 F(1,20) =0.01, p=0.93 F(1,20) =1.21, p=0.28
DG 84.04±7.55 115.04±10.25** 81.12±5.51 64.79±2.49## F(1,20) =14.21, p<0.01 F(1,20) =1.08, p=0.31 F(1,20) =11.26, p<0.01
BlA 59.01±2.59 59.33±7.97 64.41±8.12 77.25±9.53 F(1,20) =2.39, p=0.14 F(1,20) =0.76, p=0.39 F(1,20) =0.69, p=0.42
CeA 63.01±2.51 104.16±9.85** 88.16±5.79# 109.75±8.63 F(1,20) =4.47, p=0.07 F(1,20) =18.62, p<0.01 F(1,20) =1.81, p=0.19
VmH 99.33±16.25 100.11±17.80 118.16±18.71 96.33±16.58 F(1,20) =0.19, p=0.67 F(1,20) =0.37, p=0.55 F(1,20) =0.42, p=0.52
PAG 110.16±17.79 121.51±13.82 102.66±8.22 92.01±10.17 F(1,20) =2.02, p=0.17 F(1,20) =0.01, p=0.98 F(1,20) =0.71, p=0.41
VTA 54.83±3.73 68.11±8.98 47.01±1.73 39.66±4.16# F(1,20) =11.37, p<0.01 F(1,20) =0.31, p=0.59 F(1,20) =3.65, p=0.07
The data are expressed as mean±S.E.M. and represent the number of pCREB positive cells in 2.5×103 μm2. *p<0.05, **p<0.01, in relation to the respective Saline group. #p<0.05, ##p<0.01, in relation
to the respective Light group. N=6 per group.
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to light deprivation (effects of light deprivation and etha-
nol). Furthermore, considering only mice paired with sal-
ine, the previous light deprivation procedure was able to
increase pCREB expression (effect of light deprivation).
Therefore, the expression of conditioned place preference
increases pCREB expression in the motor and medial pre-
frontal cortex, striatum (Acbco, DmS) and hippocampus
(CA1, DG). Light deprivation was able to abolish this
effect and additionally increase pCREB expression in
the prefrontal cortex (IL, PrL) and amygdala (CeA).
Discussion
Our study demonstrated that light deprivation was able
to induce an anxious-like state (measured in the Elevated
Plus Maze Test); despair behavior (observed in the Forced
Swim Test); and hyperactivity (seen in the Open
Field Test). This phenotype is commonly seen in different
animal models of mixed anxiety-mood disorders.
Regarding the anxiety-like state, models involv-
ing chronic exposure to stress have reported divergent re-
sults, since chronic stress is able to increase (Bondi et al.,
2008; Pechlivanova et al., 2012), decrease (D’Aquila et al.,
1994, Rössler et al., 2000; Kompagne et al., 2008) or not
inﬂuence (Cox et al., 2011) anxiety-like levels. In our
study, light deprivation did not change open arms ex-
ploration (neither entries nor time spent in), the most
commonly used parameter to evaluate anxiety-like state.
However, light deprivation was able to drastically change
the risk assessment behavior, a more accurate parameter
to assess the anxiety-like state in the elevated plus maze
(Rodgers and Cole, 1994; Weiss et al., 1998; Carobrez
and Bertoglio, 2005). There are several factors that should
be considered when interpreting EPM results. Speciﬁc
pharmacological treatments, background strain differ-
ences, genetic mutations, or environmental factors can
impact locomotor activity, exploratory behavior, or beha-
vioral motivation for novelty. Furthermore, behavior in
the EPM is inﬂuenced by prior handling and exposure
to previous behavioral testing paradigms (Hogg, 1996;
Rodgers and Dalvi, 1997; Weiss et al., 1998; Carobrez
and Bertoglio, 2005). Interestingly, rodents continue to
display enhanced risk assessment behaviors even after
ceasing the avoidance, thus suggesting that these risk as-
sessment behaviors could be more sensitive to anxiety
modulating drugs than the traditional measurements
(Rodgers and Cole, 1994; Griebel et al., 1997; Rodgers,
1997; Setem et al., 1999).
One of the main ﬁndings in animal models of de-
pression, the resignation behavior, can be measured
DIS, DmS, M12
Light
(a)
(b)
+ + – –
– + – +
PrL, Cg1
CA3, VmH, PAG
Acbco, VTA
+ + – –
– + – +
+ + – –
– + – +EtOH
DmS
Light + + – –
– + – +
VTA
+ + – –
– + – +
M12, Acbco, CA1, DG
+ + – –
– + – +
CeA
+ + – –
– + – +
IL, PrL Cg1
+ + – –
– + – +EtOH
Fig. 7. Illustrative models of the different types of c-Fos (a) and pCREB (b) expression in the experimental groups, and the
encephalic nuclei corresponding to each kind of expression. Solid lines indicate the statistical difference between the groups. M12,
motor cortex; CG1, anterior cingulate cortex; PrL, prelimbic cortex; Acbco, nucleus accumbens core; DmS, dorsomedial striatum;
DlS, dorsolateral striatum; CA1, Cornus Ammonis 1; CA3, Cornus Ammonis 3; DG, granular layer of dentate gyrus; CeA, central
nucleus of amygdala; VmH, ventromedial hypothalamic nucleus; PAG, periaqueductal gray; VTA, ventral tegmental area. +,
present; - - -, absent.
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by increased immobility in the forced swim test. Here,
light deprivation increased the time spent and the im-
mobility score, as well as decreased swim score and
latency to the ﬁrst immobility behavior. Our results cor-
roborate the pioneering studies of light deprivation
model (Gonzalez and Aston-Jones, 2008; Monje et al.,
2011) and are in accordance with several studies using
models based on chronic exposure to stress (Bielajew
et al., 2003; Elizalde et al., 2008; Kompagne et al., 2008).
Considering the hyperactivity seen in the open ﬁeld
test, it is well established that exposure to a new en-
vironment increases locomotion in rodents, known as
novelty-induced hyperactivity (Fink and Smith, 1980;
Bardo et al., 1990). Therefore, it was expected that light
deprivation would decrease (and not increase) the lo-
comotion in the open ﬁeld, given the putative lack of
motivation to explore the new environment. Curiously,
one of the most striking behavioral characteristics in
the model of surgical ablation of the olfactory bulb (an es-
tablished model of depression) is hyperactivity in the
open ﬁeld, which is only reversed by chronic, but not
acute, antidepressant treatment (Kelly et al., 1997).
Moreover, hyperactivity has also been described in mod-
els involving social and environmental stress (Cox et al.,
2011; Venzala et al., 2012) and also in a model of con-
genital helplessness (Shumake et al., 2005). Therefore,
our results concerning open ﬁeld behavior are in ac-
cordance with those reported for other animal models
of depression. Overall, by corroborating the pioneer
study of Gonzalez and Aston-Jones (2008) and two
other independent studies (Lau et al., 2011; Monje et al.,
2011), our results support the use of chronic light de-
privation as a suitable animal model of dual anxiety–
depression disorder.
The hypothalamic–pituitary–adrenal axis (HPA) is
closely related to both depression and anxiety disorders
(Keck and Holsboer, 2001; Nestler et al., 2002). Given
their negative feedback effects on the HPA (Nestler
et al., 2002), the hippocampus and prefrontal cortex
play an important role in depression and anxiety. These
structures are closely related to the cognitive components
of mood and anxiety disorders (Brown et al., 1999; Clark
et al., 2009; Barkus et al., 2010; Femenía et al., 2012;
McEwen et al., 2012). Nonetheless, their interaction with
PrL
IL
Cg1
DG
CA1
Naïve Light-deprived
Saline EtOH Saline EtOH
Fig. 8. Photomicrograph of pCREB immunoreactivity in the experimental groups in selected encephalic nuclei. IL, infralimbic
cortex; PrL, prelimbic cortex; CG1, anterior cingulate cortex; CA1, pyramidal layer of Cornus Ammonis 1; DG, granular layer of
dentate gyrus. Scale bar=125 μm.
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several limbic nuclei, including the ventral tegmental area
and nucleus accumbens, support their participation in the
reward and motivation mechanisms (Lisman and Grace,
2005; Carlezon Jr and Thomas, 2009; Koob and Volkow,
2010). As a consequence, besides mood and anxiety disor-
ders, the hippocampus and prefrontal cortex are parts of
the neurobiological substrates of drug addiction (Koob
and Volkow, 2010). The conditioned place preference
has been widely used to study the conditioned rewarding
effects of drugs of abuse, since contextual stimuli can ac-
quire conditioned rewarding effects when paired with
drugs (Tzschentke, 2007). In our study, light-deprived
mice did not develop ethanol-induced conditioned place
preference, and the lack of place preference (measured
by the CPP score) could not be attributed to a possible
bias arising from changes in the locomotion. This is be-
cause there were no observed differences in this group
as compared to the others at the distances moved and
number of crossings recorded in the test. In contrast,
naïve mice showed a decrease in the number of crossings
(but not in the distance moved) as compared to their re-
spective controls. This could be explained by the higher
time spent on the drug-paired side and without loco-
motor impairment. Our results corroborated previous
evidence that an unpredictable stress protocol abolished
conditioned place preference induced by morphine
(Papp et al., 1992; Valverde et al., 1997) and dopamine
agonists such as amphetamine and quinpirole (Papp
et al., 1993). In contrast, there are several results describ-
ing opposite effects. For example, moderate chronic stress
increased conditioned place preference for cocaine (Miller
et al., 2008; Kreibich et al., 2009); amphetamine (Mathews
et al., 2008); and ethanol (Song et al., 2007). Additionally,
Haile et al. (2001) showed that only chronic unpredictable
stress was able to increase sensitivity to the development
of conditioned place preference induced by cocaine. The
discrepancy between our results in relation to those en-
countered by Song et al. (2007) could be due to several
factors, including the different protocol used to promote
a depression-like state. As described above, unpredictable
stress promotes different outcomes as compared to mod-
erate stress. In Song’s study, animals were submitted to
moderate chronic stress, while our results are in agree-
ment with the outcome seen in unpredictable stress proto-
cols. Regardless of these differences, the limitation of our
data is that they did not allow us to deﬁne whether the
effects of light deprivation on ethanol-induced place pre-
ference were due to the impairment of acquisition and/or
evocation of associative appetitive memory or to the
decreases of the ethanol-induced positive reinforcement
effects. In order to conﬁrm our behavioral data, we inves-
tigated the expression of c-Fos and pCREB 90min into the
test session of the ethanol-induced conditioned place
preference.
The c-Fos is an immediate early gene activated by
several stimuli able to induce neuronal depolarization
(Morgan and Curran, 1986). Thus, the expression of
c-Fos has been used as a marker of cellular activation.
As expected, in this study, evocation of ethanol-induced
associative appetitive learning increased c-Fos expression
in the prefrontal cortex and hippocampus, as well as in
the striatum. A previous study with ethanol-induced con-
ditioned place preference also reported an increase in
c-Fos expression as compared to other encephalic nuclei,
such as extended amygdala and ventral tegmental area
(Hill et al., 2007). Despite this divergence, the most rel-
evant ﬁnding is that the c-Fos changes seen in the current
study were not observed in light-deprived mice.
Moreover, it is noteworthy that our results obtained in
non-deprived mice corroborate previous evidences show-
ing increases of c-Fos expression after conditioned place
preference had been induced by several drugs of abuse,
such as cocaine (Miller and Marshall, 2005; Chauvet
et al., 2011); morphine (Kaplan et al., 2003; Guo et al.,
2008); and amphetamine (Rademacher et al., 2006).
Interestingly, previous exposure to an enriched environ-
ment inhibited cocaine-induced conditioned place prefer-
ence and the related increases in c-Fos expression
(Chauvet et al., 2011).
The cAMP response element binding protein (CREB) is
a transcriptional factor that plays a pivotal role in neuro-
nal plasticity, including those features related to learning
and memory, drug addiction and mood disorders (Chao
and Nestler, 2004; Nestler, 2004; Carlezon Jr et al., 2005;
Blendy, 2006; Benito and Barco, 2010; Moonat et al.,
2010). In the current study, ethanol-induced conditioned
place preference testing increased pCREB expression in
the prefrontal cortex, hippocampus, nucleus accumbens,
and periaqueductal gray, thus corroborating a previous
study describing increases in pCREB in the place prefer-
ence induced by chemical stimulation of lateral hypo-
thalamus (Groblewski et al., 2012), nicotine (Pascual
et al., 2009) and cocaine (Tropea et al., 2008). Interestingly,
mice previously submitted to a light deprivation pro-
cedure were not able to develop either ethanol-induced
conditioned place preference or related pCREB increases.
It is noteworthy that in the nucleus accumbens, increases
in pCREB triggers dynorphin expression in the medium
spiny neurons, which, in turn, promotes a strong negative
feedback mechanism in the mesolimbic dopaminergic
pathway (Carlezon Jr et al., 2005; Berton and Nestler,
2006; Nestler and Carlezon, 2006). Nevertheless, in the
prefrontal cortex and hippocampus, pCREB was able to
increase brain-derived neurotrophic factor – BDNF, a fun-
damental molecule for learning, memory, and neuronal
plasticity. Therefore, the ﬁndings obtained in the current
study strongly suggest that the behavioral effect of light
deprivation procedure on ethanol-induced conditioned
place preference is likely related to the impairment of
the prefrontal cortex and hippocampus functions, rather
than decreases on mesolimbic pathway tone.
To summarize, the light deprivation procedure is able
to mimic many of the behavioral aspects described in
other animal models of depression, providing additional
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evidence for its use in experimental studies related to
mood disorders. The main behavioral changes include
increases in the anxiety-like trait, resignation behavior,
and hyperlocomotion. Furthermore, light deprivation
impairs associative learning and this effect was ac-
companied by changes in the c-Fos and pCREB ex-
pression, which, in turn, support the behavioral
outcomes observed. However, given its deleterious effects
on the cognitive aspects, light deprivation could be
viewed as an important model to investigate the neuro-
chemical features involved in the dual diagnosis, but
not in studies to address the role of appetitive associative
memory in this co-morbidity.
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